both regulate gene expression but by different mechacDNAs showed that the roX1 MB710 enhancer detector is inserted into the male-specific roX1 gene. The roX1 senisms and with very different outcomes.
In this article we describe the cloning and characterquence contains two potential SXL binding sites (A(U) 7-8 ; Samuels et al., 1994) , nested close together in the small ization of roX1 (for RNA on the X [previously known as yang; FlyBase identification number FBgn0015564]), an intron. Local and global similarity searches failed to detect any roX1 homologous sequences. X-linked gene from Drosophila. The roX1 transcript is polyadenylated and can be spliced but has no significant Most surprisingly, ORF analysis ( Figure 1C ) revealed only small ORFs in the sense strand, the longest of which ORF. Instead of being transported to the cytoplasm, it accumulates in the nucleus and decorates the X chrocorresponds to 59 amino acids and contains several rare codons. The overall longest ORF is found in the mosome of males. In this respect, it behaves similarly to the mammalian Xist RNA. However, Xist binds to a antisense strand and predicts 170 amino acids. Because of the possibility that the cDNAs represent incompletely chromosome that undergoes inactivation, and roX1 RNA localizes to a hypertranscribed chromosome. Because spliced RNAs, we searched the genomic region encoding roX1 for all possible splice sites and used these in the subnuclear localization of roX1 is shared with the MSLs, roX1 is a candidate for an RNA component of all combinations, attempting to create ORFs with characteristics of Drosophila protein-coding regions (Solovthe dosage compensation complex. Expression of roX1 is highly specific to male adults, but it escapes regulayev et al., 1994) . The single significant ORF created by this method consists of only 28 amino acids, shares tion by tra. Instead, expression is positively regulated by the proteins of the dosage compensation system. no strong homology with known proteins, and lacks a Drosophila consensus translational start site. The failure to find a long ORF with protein-coding characteristics Results within the entire roX1 genomic region and in cDNAs of this size suggests that the RNAs are the ultimate gene The roX1 Gene Encodes RNA Molecules product of roX1. This conclusion is strongly supported without a Long ORF by the nuclear, rather than cytoplasmic, localization of The line roX1 MB710 was isolated in an enhancer detector these RNAs (see below). screen for mushroom body expression of the reporter gene lacZ (Han et al., 1996) . Mushroom bodies are distinct regions of the brain thought to function in olfactory Male-Specific Expression of roX1 RNA blot analysis revealed that two roX1 transcripts of learning and in reproductive behavior (Davis, 1993; O'Dell et al., 1995) . This line is especially intriguing be-3.6 and 3.8 kb are expressed in adult flies, but only in males ( Figure 2 ). Since the P element insertion in cause mushroom body expression of the reporter is detected only in females (K. H. W. and R. L. D., unpubroX1 MB710 interrupts the gene, it was expected to alter roX1 expression. No roX1 transcripts were detected by lished data). We cloned the genomic region surrounding the enhancer detector element and searched for genes RNA blotting in roX1 MB710 flies of either sex ( Figure 2 ). The blot was reprobed for an ␣-integrin RNA encoded in the region. Several cDNAs, the largest 3.5 kb, were isolated from fly head cDNA libraries and localized to the by the volado gene (K. H. W. and R. L. D., unpublished data) as a loading control and chorion RNAs as a control 3F region of the X chromosome by in situ hybridization to polytene chromosomes. Restriction mapping and sefor the accuracy of separating male and female flies used in RNA preparation. These data indicate that roX1 quencing revealed that these represented related transcripts of the same gene and were preferentially exRNAs are expressed only in male flies and that roX1 MB710 is a roX1 mutant. pressed in males (see below). Further analysis of this region identified an adjacent gene encoding an oligo-
The distribution of roX1 transcripts in adult males was determined by in situ hybridization of antisense ribopeptide transporter that is expressed preferentially in females (G. R. et al., submitted) . Two of the roX1 cDNAs, probes to cryosections ( Figure 3A ). The strongest signal was observed in cells of the central nervous system roX1-c3 and roX1-c20, are very similar in size and sequence, although roX1-c3 contains a 68 bp intron (Fig-(CNS) (arrows in Figure 3A ). Most or all cells in the brain and the thoracic ganglia stained strongly. Weaker sigures 1A and 1B). The direction of transcription was established by the conserved splice sites of this intron nals were observed in the gut (arrowheads in Figure  3A ), in parts of the reproductive tract, especially the and by in situ hybridization using sense and antisense RNA probes. Comparison of the genomic DNA with the ejaculatory bulb, and in fat cells. The level of expression Figure 1 . Structure of the roX1 Gene (A) Structure of the roX1 gene. The genomic map of the roX1 locus is shown along with the roX1-c3 and roX1-c20 cDNAs. The position of the roX1 MB710 P element is shown on the map. R, EcoRI; H, HindIII. (B) Sequence of the roX1 gene. The genomic region of the roX1 locus is displayed with nucleotides corresponding to cDNA sequences in capital letters, beginning at position 220 and ending at 3741. Because there is no translational start site, the numbering is arbitrary. The first 16 residues of the roX1 RNA-coding sequence were gathered from the partial sequence of a third cDNA, roX1-10. The single intron is shown in lower-case letters, and the potential SXL-binding sites contained within it are indicated by dotted underlining. The positions of the primers used for RT-PCR analysis are underlined, and the insertion site of the roX1 MB710 P element is shown between bp 1436 and 1437. Consensus polyadenylation sites are shown in boxes. (C) Positions of roX1 ORFs longer than 30 bp. The start of the ϩ1 strand is position 220 in panel B.
stained with X-Gal, producing a turquoise color in females, and subsequently hybridized to roX1 probes. Expression of roX1 was initially observed in the blastoderm-stage embryos of both sexes, about 2.5 hr after egg laying (AEL), as illustrated by the female embryo shown in Figure 4A . Expression became stronger during gastrulation and was especially marked in the elongating germband (unsexed embryo, Figure 4B ) but was completely absent in roX1 MB710 embryos ( Figure 4C ). Rows of neuroblast precursors, shown here on the dorsal side of the elongating germband, stained prominently ( Figure 4D ). Patterns seen during germband elongation (up to 8 hr AEL) were observed in both male and female embryos, indicating that they are specific to developmental stage rather than sex. During germband retraction, which begins at about 8 hr AEL, cells migrate inwards to form the CNS, which becomes heavily loaded with transcript. A dorsal view of a female embryo during early germband retraction ( Figure 4E ) showed prominent staining in the newly formed brain hemispheres as well as in a row of cells in the ventral midline. It was during germband retraction, about 8 to 9 hr AEL, that the first clear sexual dimorphism of roX1 expression was seen. Transcript could be detected in nonneural tissues in males but not in females. Staining disappeared from the The embryonic expression of roX1 is summarized in Figure 4H . Transcription begins during blastoderm formation, with all embryos, regardless of sex, expressing in muscles was so low as to approach background. The roX1 until it is selectively lost from females during germpunctate nature of the signal, most evident in the large band retraction. Although distinct differences were seen cells of the gut and fat body, suggested that roX1 could between the sexes between 8 and 9 hr AEL, many febe limited to nuclei. males retained traces of diffuse staining in the brain The expression of roX1 in the brains of females (Figure hemispheres until about 15 hr AEL and were scored 3C) was undetectable compared to that in males ( Figure  positive for roX1, even though their appearance was 3B). In roX1 MB710 males ( Figure 3D ), the signal detected strikingly different from that of males. The slight dewas slightly higher than that in wild-type females-not crease in the number of males positive for roX1 at the absent, as might be expected from the RNA blots. This end of embryogenesis is due to the formation of larval may be due to increased sensitivity of in situ hybridizacuticle, which prevents the penetration of probes. tion or to cross-hybridization of probe to a related RNA, detectable only by in situ hybridization because of reduced stringency relative to RNA blots. Nevertheless, Expression of roX1 Is Independent of tra the reduction in signal indicates that roX1 MB710 is a severe and the Y Chromosome but Dependent roX1 mutant. The roX1 MB710 flies, however, are without on Sxl any obvious defects in viability or fertility (see Discus- To determine how the expression of roX1 is influenced sion). Furthermore, two imprecise excisions of roX1
MB710
by genes of the sex-determination pathway, which is that remove several kilobases of the transcribed roX1 outlined in Figure 5A , we assayed roX1 RNA levels in RNA are also without obvious defects (data not shown).
small groups of flies sexually transformed by mutations in tra or Sxl. RNA samples were reverse transcribed (RT) and amplified by polymerase chain reaction (PCR). Two negative RT controls (no primer and addition of RNase The Expression of roX1 Becomes Sexually Dimorphic during Germband Retraction A) were performed for every sample. Protein kinase A (PKA; Skoulakis et al., 1993) primers were included in We examined the embryonic expression pattern of roX1 to establish the time of onset of sexual dimorphism.
all RT reactions, and PKA was amplified in parallel with roX1 as an internal control to judge the consistency of The sex of embryos can be determined using a femalespecific lacZ reporter that becomes active during blasthe RT and PCR reactions. Robust signal in wild-type males was dependent on toderm formation (Keyes et al., 1992) . Embryos were The roX1 Transcript Binds to the Male X Chromosome sometimes detected in the absence of primer, probably from self-priming of the RNA. The roX1 transcript was
In situ hybridization of roX1 probes to tissues from late third-instar males revealed strong staining in many tisnot observed in wild-type females. XO males and XXY females exhibited roX1 expression patterns identical to sues (see below). In the large polyploid cells of the gastric ceca, the ring gland and the nephrocytes, and in those of wild-type males and females, eliminating the possibility of a Y-linked regulator of roX1. The loss-ofthe polytene salivary glands, this staining was clearly nuclear and often could be further resolved to a discrete function mutation tra 1 transforms XX flies into pseudomales, but even though they are somatically male, compartment within the nucleus. This was shown by alkaline phosphatase detection of roX1 transcript in the these flies do not express roX1. Ectopic expression of a female splice form of tra driven by a heat shock promoter salivary glands (Figures 6C and 6F) . This pattern of staining was reminiscent of the subcellular localization of (P[tra fem ]) causes somatic feminization of XY flies (Boggs et al., 1987; but does not reduce the MSLs, which bind to the male X chromosome. For comparison, salivary glands stained with antibodies roX1 expression.
Having established that manipulation of somatic sex raised against MSL-1 and visualized with horseradish peroxidase are shown in Figures 6A by mutations of tra did not influence roX1 levels, we then asked if Sxl itself controlled roX1. The heteroallelic and 6D. The pattern of staining produced by these antibodies was extremely similar to that observed for roX1 combination Sxl f7,M1
/Sxl
M1,f3 suppresses dosage compensation sufficiently to allow the production of XX flies but uniform from the base of the gland to the tip, whereas roX1 stained more intensely in the smaller cells at the that are morphologically male (Cline, 1984) . These flies exhibited roX1 levels comparable to those observed in base of the gland. Double labeling of salivary glands with roX1 probes and MSL-1 antibodies revealed overwild-type males. We have also observed roX1 in intersexual XX adults produced by the temperature-sensilapping staining patterns producing a black signal (Figures 6B and 6E 
M1,f3 (data not shown). Therefore, Sxl ϩ function is responsible for the lack of roX1 transcripts in the The Xist RNA recognizes and binds to chromatin in cis, even when the RNA is expressed from an autosomally female, but this suppression bypasses tra, a downstream effector of Sxl function.
located transgene (Lee et al., 1996) . Because roX1 is an (H) Summary of roX1 expression. Open circles, males; closed circles, females. Embryos were sexed using a female-specific lacZ reporter (see Experimental Procedures). Embryos in which any roX1 staining was observed were scored as positive.
X-linked gene whose RNA coats the X chromosome, we bulk of X chromatin. Therefore, the deciding factor in roX1 localization appears to be chromatin composition wondered if the roX1 RNA recognizes the X chromosome by a similar mechanism. We performed in situ rather than the geometry of transcript source and target. The size of the nuclear domain in which roX1 is detected, hybridization using Drosophila stocks in which the roX1-containing region of the X chromosome was missing the coincidence of this domain with regions of MSL-1 staining, and the subdivision of the stained region in and translocated to the Y or transposed to the second chromosome ( Figure 7 ). Staining of a single large spot lines carrying translocations of the X chromosome provide compelling evidence that roX1 RNA paints the X in each nucleus was observed in a gland from a male without translocations ( Figure 7A ). When the region conchromosome of males. taining the roX1 gene was deleted from the X but present as two small fragments inserted on the second chromosome, nuclei showed two small spots and a large spot Mutation of mle Eliminates roX1 Expression In addition to tra, another target of Sxl function is the ( Figure 7B ; see Experimental Procedures for a description of the rearrangement). When a larger and contigucomplex composed of proteins involved in dosage compensation, the MSLs. We hypothesized that roX1 could ous region of the X chromosome was translocated to the Y, the nuclei showed two spots ( Figure 7C ), but be positively regulated by these proteins, because they are male-specific and the X-linked roX1 gene resides in the smaller of them was larger than that in Figure 7B , commensurate with the amount of X chromatin that was chromatin that is subject to modification by the MSLs. Since the lethal phase for animals with disruptions in relocated. The additional spots of roX1 hybridization indicate that it binds to X-derived chromatin even when the msls is late in larval life and early in pupal development, we assayed for roX1 RNA in larvae carrying a this material is unlinked to an X centromere. Since the only source of roX1 expression is a single translocated loss-of-function mutation of mle. Wild-type third-instar males revealed strong roX1 expression in CNS, salivary gene, the results also indicate that RNA expressed in trans is still capable of recognizing and binding to the glands, and imaginal tissues, however; staining was most intense in the CNS early in the instar. In situ detec-( Figure 8E ). Salivary glands from females that carried the msl-2 transgene showed strong roX1 staining, with tion of roX1 in the CNS and imaginal tissues of wandering mle pml8 /ϩ males ( Figure 8A ) revealed a staining patsubnuclear localization indistinguishable from that seen in males ( Figure 8F ). Other tissues, including imaginal tern indistinguishable from that of wild-type males; the staining was particularly intense in the cell bodies of the discs and the ring gland, also showed roX1 staining in these females (data not shown). Since the mle pml8 ventral nerve cord and imaginal discs. High magnification revealed a granular staining pattern consistent with mutation eliminates roX1 expression in males and induction of the dosage compensation system in females is nuclear localization of the roX1 RNA. The pattern of roX1 expression in mle pml8 homozygous males ( Figure 8B ) sufficient for the male pattern of regulation, we conclude that roX1 is under specific regulation by the dosage showed striking differences from wild type; no staining was ever observed in the CNS, salivary glands ( Figure  compensation system. 8C), or imaginal discs of XY; mle pml8 animals. Tissues from these late third-instar animals were more poorly
The Localization of MLE Is Not Disrupted in roX1 Mutants developed than those from their heterozygous brothers, appearing like material from early third-instar larvae.
An RNA component of the dosage compensation system has been proposed based on the observations that The lack of roX1 transcript in mle pml8 larvae cannot be attributed to delayed development along with marked MLE contains RNA-binding domains and is released from the X chromosome by RNase A digestion (Kuroda developmental fluctuations in roX1 expression, since wild-type larvae revealed staining for the transcript of et al. Gibson and Thompson, 1994; Richter et al., 1996) . We reasoned that if roX1 was this component, even greater intensity during late second and early third instars. Therefore, at least one component of the dosage MLE that normally binds to the X chromosome of males might be mislocalized in roX1 mutants. Immunolocalizacompensation system, mle, is required for roX1 expression in male larvae. tion of MLE was performed using wild-type males, roX1 MB710 and two excision mutants of roX1 with large deletions. In all cases, localization of MLE to the X ap-
MSL-2 Induces roX1 Expression in Females
We next asked if expression of the dosage compensapeared undisrupted by mutations in roX1 (data not shown). Therefore, roX1 is not essential for MLE binding tion proteins is sufficient for roX1 expression. The constitutive expression of an msl-2 transgene is sufficient to the X chromosome. to induce or stabilize all of the dosage compensation proteins and recruit them to the female X chromosomes, Discussion resulting in significant female mortality . We analyzed roX1 expression in larval tissues of
We have described the isolation and characterization of a novel gene, roX1, displaying a male-specific expresfemales carrying this transgene, focusing on the salivary gland, which provided an assay for gender-specific exsion pattern in adult flies. Surprisingly, the gene was initially identified by the enhancer detector line roX1 MB710 , pression and subcellular localization of the transcript. Male salivary glands showed nuclear staining (Figure which exhibits strong ␤-galactosidase activity in the mushroom bodies of females but not males. However, 8D). In contrast, glands from females showed no staining Figure 6 . Colocalization of MSL-1 and roX1 to the X Chromosome (A, B, D, and E) Salivary glands from Canton-S male larvae were stained with anti-MSL-1 and detected with horseradish peroxidase (brown staining). (B, C, E, and F) Probes for roX1 were hybridized to glands, and RNA detected with alkaline phosphatase (purple regions). In panels B and E, colocalization of MSL-1 and roX1 RNA is indicated by the black-stained regions. Both MSL-1 and roX1 staining can be seen within the nuclei in panels D through F; in panel F, arrowheads mark the nuclear envelope of one cell. the genomic DNA flanking this insert detected malethey are nuclear rather than cytoplasmic in localization; they bind to the X chromosome in salivary gland nuclei; specific transcripts 3.6 and 3.8 kb in length that exhibit several striking features: they lack a significant ORF; and the sex-specificity of expression is independent of the gene tra but is instead controlled by the proteins of the dosage compensation system. The questions raised by these observations concern the unusual nature of transcript regulation and the possible biochemical and biological functions of roX1.
Sex Determination and Regulation of roX1
The sex specificity of adult roX1 expression was determined by RNA blot analysis, RT-PCR, and in situ hybridization to transcripts. In all cases our results indicate the lack of transcript in wild-type females and its presence in males. Sex-specific regulation of roX1 was found to be dependent on Sxl, the master regulatory gene for sex determination and dosage compensation, but surpris- it inducing sex-specific gene expression. The embryonic expression of roX1 is dynamic, but the Although MLE contains RNA-binding motifs and can be selectively removed from the X chromosome with RNase time at which sex specificity arises is consistent with regulation by the msls. roX1 is observed in both sexes A (Kuroda et al., 1991; Gibson and Thompson, 1994; Richter et al., 1996) , roX1 mutations do not disrupt MLE during embryogenesis, being especially prevalent in the elongating germband and in neural tissue. It is during localization. The presence of two potential Sxl binding sites in the germband retraction that roX1 is lost from female embryos. It is at this time (about 8 hr AEL) that zygotic small intron of roX1 presents a third possibility. It is possible that transcription of roX1 proceeds in both transcription commences for msl-1 and mle and that histone H4 acetylation is detected (Rastelli et al., 1995;  sexes, but binding of SXL to the transcript in females causes rapid degradation. However, this model is incon- Franke et al., 1996; McDowell et al., 1996) .
Although regulation by the msls is clear, our data sistent with the stability of roX1 expression in females carrying the msl-2 transgene. SXL levels should be nordo not distinguish between transcriptional control or a posttranscriptional mechanism such as stabilization of mal in these flies, yet roX1 expression is convincingly male-like. We conclude that if Sxl can directly suppress the RNA. One model for posttranscriptional regulation of roX1 is that male-specific factors that bind to the X roX1, this effect is minor in relation to the positive effect of the msls. also bind and stabilize roX1 RNA. At this time, the only known proteins with this pattern of regulation and distribution are the MSLs themselves, and it is tempting to Could roX1 Belong to a Family of Nuclear RNAs?
The association of roX1 RNA with the male X raises the speculate that one of them or the entire complex could bind roX1 RNA. The regulation of roX1 by the msls sugissue of functional roles for RNA in nuclear structure and regulation. RNA has been proposed to serve strucgests that expression may be coordinated with deployment of the dosage compensation system, as would be tural or organizational roles in the extrachromosomal nuclear matrix, and a large portion of nuclear RNA is a expected for a molecule with a role in this process. Lucchesi, 1980b) . Nevertheless, the similarities between Xist and roX1 are striking; they are both nuclear and localized to an X chromosome that is undergoing structural modification of chromatin as a part of dosage compensation. Furthermore, the fact that an RNA molecule can specifically recognize and "paint" a single chromosome suggests a common feature of chromosome regulation.
There are two additional reports of untranslated RNAs with some features similar to Xist and roX1. Both of these are mammalian genes that produce transcripts that are polyadenylated and processed but that have no significant ORFs. Expression of the H19 gene appears to repress that of two neighboring genes, insulin-2 and IPW RNA is detected predominantly in the cytoplasm. It is possible that the RNAs under discussion will ulticomponent of chromatin (Fey et al., 1986 ; Nickerson et mately fall into two classes, one including Xist and roX1 al., 1989; He et al., 1990) . Some nuclear RNA is undoubtwith subnuclear localization to a dosage compensated edly nascent message or a component of small nuclear chromosome, and another class including the cytoribonucleoprotein particless, however; some of it may plasmic H19 and IPW RNAs. also be serving other functions, including maintenance of chromatin structure. One of the most abundant nonThe Biological Function of roX1 histone chromatin-associated proteins, topoisomerase It is surprising that disruption of roX1 produces no obvi-II, is found in complexes with RNA, and RNase A digesous phenotype. The data indicating that roX1 MB710 is a tion can release up to 40% of this enzyme from the mutant are compelling: the roX1 MB710 insertion disrupts nucleus (Meller et al., 1994; Meller and Fisher, 1995) . the transcribed region, and roX1 RNA is undetectable Topoisomerase II is believed to participate in attachby blotting or in situ hybridization to roX1 MB710 embryos ment sites by which chromatin binds to the nuclear maor larval tissues. In situ hybridization analysis of adult trix in mitotic cells (Earnshaw and Heck, 1985) , and is tissues, on the other hand, indicates a very low level of enriched in interphase chromosomes of Drosophila staining in male roX1 MB710 flies. Although roX1 MB710 is a (Berrios et al., 1985) . Together, these findings suggest severe hypomorph by these criteria, there is no lethality, that the RNA component of chromatin may have a strucdevelopmental delay, or readily apparent phenotype astural role, perhaps in providing an attachment site for sociated with this mutation. In addition, two imprecise topoisomerase II. The identification of specific RNAs excisions of the roX1 MB710 P element, each of which rethat contribute to the makeup of chromatin as well as moves several kilobases of transcribed sequence, are defined functions for these molecules has remained eluviable. Since severe mutations in dosage compensation sive. An exception is the RNA encoded by the Xist locus cause male lethality, these observations rule out roX1 of mammals, a 15-17 kb transcript produced by the as an obligate component of the dosage compensation inactive X of females (Hendrich et al., 1993) . Xist exprescomplex. sion in cis precedes and is required for X inactivation Nevertheless, the striking localization of roX1 RNAs during embryogenesis (Kay et al., 1993; Penny et al., to the male X chromosome and their regulation by the 1996). In situ hybridization localized the processed Xist dosage compensation complex strongly suggest that transcript to the inactive X chromosome (Clemson et roX1 participates in the process of dosage compensaal., 1996) . Surprisingly, a multicopy Xist transgene lotion in Drosophila. We propose that roX1 is one of a cated on an autosome appears to produce RNA that family of nonhomologous and redundant genes that can binds to and inactivates autosomal chromatin in cis (Lee easily compensate for the loss of one of its members. et al., 1996) . If roX1 RNA has the ability to spread along It is therefore relevant that a second male-specific RNA, chromosomes from the site of synthesis, our results roX2, which shares many features with roX1 (i.e., regulausing translocations suggest that it would have a limited tion by the msls and lack of an ORF) has now been range. In addition, the processes that culminate in forreported (Amrein and Axel, 1997 [this issue of Cell] ). We mation of the Barr body and the hypertranscribed male propose that roX1 and its family members associate X of Drosophila are apparently opposite: the Barr body along the entire X chromosome to help change chromais compact heterochromatin, and the Drosophila male tin conformation and achieve hypertranscription, per-X is more diffuse in appearance than the female X chrohaps by associating with the MSLs, histone acetyltransferase, or other constituents of chromatin (Figure 9 ). mosomes or the autosomes of either sex (Belote and were performed. roX1 primers are indicated by the underlined seThis model is analogous to that for Xist, although the quences in Figure 1B . PKA primers correspond to bp 1079 through Xist RNA would achieve the opposite goal, that of con-1100 (sense) and bp 1436 through 1419 (antisense) of the sequence densing an X chromosome. The model explains the regpresented in Foster et al., 1988. ulation by the dosage compensation complex, the association of roX1 RNA with the male X chromosome, and Histology: In Situ Hybridization the failure to find a male lethal phenotype in roX1 muTen-micrometer sections were processed for in situ hybridization essentially as described (Skoulakis and Davis, 1996) . Denatured tants. Thus, the functional analysis of this RNA family digoxigenin-labeled riboprobes were generated by in vitro transcripthrough genetics may be possible only after finding all tion of templates as recommended by the digoxigenin-UTP supplier family members and isolating mutations in each.
(Boehringer Mannheim, Indianapolis, Indiana). All subsequent steps are as described in the Genius Kit (Boehringer Mannheim).
Embryos were collected, dechorionated, fixed, and processed for Experimental Procedures in situ hybridization essentially as described by Tautz and Pfeifle (1989) . Double-stranded digoxigenin-labeled DNA probes were preDrosophila Strains and Genetics pared by random priming of a roX1 template corresponding to bp The roX1 MB710 line was isolated in an enhancer detector screen for 239-2303 of Figure 1B . mushroom body-specific ␤-galactosidase expression, and the enFor in situ hybridization to whole mounts, tissues were dissected hancer detector element mapped cytologically to 3F (Han et al., and immediately fixed for at least 30 min in 4% formaldehyde, 0.1% 1996). The genotypes of stocks carrying transforming mutations are Tween-20, and 0.1% sodium desoxycholate in phosphate-buffered as follows: (1) for observation and photography. For experiments in which double were mated to XX; TM6b/TM2, (e ry Ubx), and Tb ϩ larvae were labeling was performed, the above procedure was followed by selected. Embryos were sexed by ␤-galactosidase staining of flies blocking with 0.1% Triton X-100 and 10 g/ml bovine serum albumin. homozygous for a lacZ reporter driven by the female-specific Sxl Tissues were then incubated with anti-MSL-1 antibodies (Palmer et enhancer (Keyes et al., 1992) . The stock Df(1)A113; Tp(1;2)w ϩ 64b al., 1994) in the same blocking solution, and signal visualized using carries a deficiency that removes the roX1 region of the X (3D6-E1; the Vectastain ABC kit (Vector Laboratories, Burlingame, California). 4F5) and a complex transposition of this region to the second, with region 3C1-2 through 5A1-2 broken into two pieces at 4E3 and Acknowledgments inserted at 26D7 but separated by an appreciable amount of heterochromatin. The stock T(1;Y)B29 has the entire tip of the X (1A-4B)
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Searches for ORFs within the roX1 cDNA sequences were performed using DNA Strider v1.2. The Gene Finder algorithm (Solovyev References et al., 1994 ) was used to detect potential splice sites within the roX1 genomic region and to evaluate the derived exons for coding Altschul, S.F., Gish, W., Miller, W., Myers, E.W., and Lipman, D.J. potential. In addition, the GenLang algorithm (Dong and Searles, (1990) . Basic local alignment search tool. J. Mol. Biol. 215, 403-410. 1994) failed to find any significant ORFs within the roX1 genomic Amrein, H., and Axel, R. (1997) . Genes expressed in neurons of adult region. Homology searches were performed with BLASTN, BLASTX male Drosophila. Cell 88, this issue. (Altschul et al., 1990) , and FASTA (Pearson and Lipman, 1988) . The Baker, B.S., Gorman, M., and Marn, I. (1994) . Dosage compensation Drosophila consensus for translational start sites in Drosophila. Annu. Rev. Genet. 28, 491-521. was used to evaluate potential ORFs.
Bashaw, G.J., and Baker, B.S. (1995). The msl-2 dosage compensaTo detect roX1 transcripts in the experiment presented in Figure  tion gene of Drosophila encodes a putative DNA-binding protein 2, poly(A) ϩ RNA was isolated from hand-selected male and female whose expression is sex specifically regulated by sex-lethal. DevelCanton-S and roX1 MB710 flies. The chorion genes have been deopment 121, 3245-3258. scribed by Griffin-Shea et al. (1982) , and the volado gene encodes a novel ␣-integrin (K. H. W. et al., unpublished data).
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